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Abstract 


The  shock  behavior  of  a  new,  low-cost  Ti-6A1-4V  alloy  has  been  characterized  up  to 
stress  levels  of  20  GPa.  Examination  of  the  particle  velocity  histories  obtained  from 
specimens  of  the  alloy  during  1 1  plate-on-plate  impact/planar  shock  wave  experiments 
indicates  that  the  alloy  deforms  in  an  elastic-plastic  manner.  The  magnitude  of  the 
Hugoniot  Elastic  Limit  (HEL)  lies  between  2.0  and  3.0  GPa  and  appears  to  be  dependent 
upon  material  thickness.  Plastic  shock  velocity  increases  with  increasing  stress  and  varies 
from  5.20  to  5.53  mm/ps.  Reshock  experiments  indicate  material  work  hardening.  Shear 
strength  sustained  during  plastic  deformation  also  tends  to  increase  with  stress  and  ranges 
from  0.5  to  0.9  GPa.  Spall  strength  thresholds  tend  to  vary  with  changes  in  pulse  width 
and  ranges  from  3.1  to  4.2  GPa. 
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1.  Introduction 


Ti-6A1-4V  alloy  has  been  used  extensively  in  aircraft  and  aerospace  applications;  however, 
to  successfully  transition  it  to  widespread  use  in  the  military  theater  as  armor  for  combat 
vehicles,  the  production  and  fabrication  costs  of  this  alloy  must  be  reduced.  Efforts  to  meet  this 
goal  have  resulted  in  a  new  Ti-6A1-4V  alloy.  The  material  used  in  the  present  work  was 
produced  from  a  mix  of  32%  titanium  sponge  and  62%  Ti-6A1-4V  turnings,  with  the  balance 
made  up  of  aluminum  shot  and  V-Al  Master  alloy  (Burkins  et  al.,  to  be  published).  The  primary 
cost  savings  come  from  the  use  of  titanium  sponge  and  Ti-6A1-4V  turnings.  The  ingot  was 
electron-beam  melted  in  a  cold,  water-cooled  copper,  hearth  furnace.  The  motivation  for  the 
present  work  was  to  compare  the  shock  response  of  the  low-cost  alloy  to  the  alloy  of  similar 
composition  used  in  aircraft/aerospace  applications.  Plate-on-plate  impact  experiments  were 
performed  to  obtain  information  pertaining  to  the  shock,  release,  re-shock,  and  tensile  behavior 
of  this  alloy. 

2.  Material 

The  nominal  composition  of  the  alloy  (in  weight-percent)  is  Al  (6.28),  V  (4.16),  O  (0.176), 
Fe  (0.151),  C  (0.025),  and  N  (0.008).  The  remainder  is  titanium.  The  6.35-cm-thick  plate  used 
in  this  work  was  annealed  at  1,213  K  for  2  hr,  roller  leveled,  then  annealed  at  1,033  K  for  1  hr. 
The  microstructure  consists  of  equiaxed  alpha  phase  with  intergranular  beta  phase  (Figure  1). 
The  static  mechanical  properties  (yield  strength,  tensile  strength,  and  ductility  measured  by 
elongation  and  reduction  in  area  under  tension)  indicated  that  the  material  is  isotropic  (Burkins 
et  al.,  to  be  published).  Burkins  et  al.  reported  the  values  of  yield  and  tensile  strength  as  896  ± 
13  and  958  ±  7  MPa,  respectively.  The  values  of  elongation  and  reduction  in  area  are  13%  and 
24.5%,  respectively.  The  measured  value  of  density  of  the  alloy  is  4.415  ±  0.008  g/cm3.  The 
measured  values  of  ultrasonic  longitudinal  and  shear  wave  velocities  are  6.12  ±  0.07  and  3.17  ± 
0.13  km/s,  respectively.  These  represent  averages  of  density  and  wave  velocity  measurements 
carried  out  on  21  specimens  of  the  alloy.  Differences  in  the  values  of  density  and  elastic  wave 
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Figure  1.  Ti-6A1-4V  Microstructure. 


velocities  of  the  traditional  Ti-6A1-4V  alloy  and  the  low-cost  alloy  used  in  this  work  are  within 
the  error  of  the  measurements. 


3.  Test  Procedures  and  Techniques 


Ti-6A1-4V  specimens  used  during  the  shock  wave  experiments  were  40  mm  in  diameter,  with 
thicknesses  of  2-8  mm.  Z-cut  sapphire  and  tungsten  carbide  discs  of  various  thicknesses  and 
diameters  were  also  used  as  impactors  and  targets  to  produce  higher  stress  levels.  Initial 
selection  of  the  specimen  thickness  was  critical  to  ensuring  that  data  obtained  on  the  shock, 
release,  re-shock,  and  tensile  behavior  of  the  alloy  was  captured  during  a  state  of  uniaxial  strain. 
Specimens  used  in  these  experiments  were  lapped  until  they  were  flat  and  parallel  within  10  pm. 
Precise  thickness  measurements  were  then  taken  to  the  nearest  micrometer.  Once  these 
preparations  were  completed,  density  and  ultrasonic  sound  speed  measurements  were  performed. 
These  measurements  are  discussed  in  section  3. 1 . 


Target  samples  were  then  prepared  to  produce  a  diffuse  reflective  surface,  for  use  with  the 
laser  and  velocity  interferometry  (VISAR)  techniques.  Using  a  diffuse  reflective  surface 
minimizes  the  chances  of  a  data  signal  being  lost  due  to  slight  misalignments  that  may  occur 
during  the  shock  wave  experiments.  Ti-6A1-4V  and  tungsten  carbide  samples  were  hand 
polished  using  a  diamond  paste  to  produce  the  desired  reflectivity.  Sapphire  targets  were  coated 
with  a  layer  of  aluminum  in  a  vacuum  evaporator  to  produce  a  diffuse  reflective  surface. 

Figure  2  shows  the  arrangement  of  the  experimental  components.  Samples  were  mounted  in 
the  appropriate  flyer  and  target  ring  assemblies  with  epoxy.  The  flyer  ring  assemblies  (item  no. 
1  in  Figure  2)  were  designed  to  ensure  that  the  impactor  successfully  reached  the  target  material 
and  produced  a  normal  impact.  Once  the  flyer  ring  was  fully  assembled,  it  was  mounted  onto  an 
aluminum  projectile  (item  no.  2)  and  laser  aligned  to  the  target  to  minimize  tilt.  Tilt  levels  of 
these  experiments  were  less  than  0.5  mrad.  Targets  (item  no.  3)  were  assembled  with  an 
embedded  circuit  that  was  used  to  detect  impact.  This  open  circuit  was  closed  by  contact  with 
the  flyer  ring  upon  impact.  Shorting  of  this  circuit  triggered  the  recording  of  data  via  digital 
oscilloscopes. 


Gun  Barrel 
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Figure  2.  Schematic  of  a  Plate-on-Plate  Impact  Experiment. 
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Experiments  were  performed  using  a  103-mm-diameter  single-stage  light  gas  gun,  located  at 
the  Gas  Gun  Facility  of  the  U.S.  Army  Research  Laboratory  (ARL)  at  Aberdeen  Proving 
Ground,  MD.  Measured  projectile  velocities  ranged  from  252-662  m/s,  with  an  uncertainty  of 
less  than  0.5%.  Velocities  were  measured  by  shorting  four  sets  of  charged  pins  (item  no.  4), 
separated  by  known  distances. 

Particle  velocity  profiles  were  acquired  using  a  Push-Pull  VISAR  (Hemsing  1979)  (item  no. 
7),  and  recorded  on  high-speed  digital  oscilloscopes  (item  no.  8).  A  fiber-optic  probe  (item  no. 
6)  was  mounted  30  mm  behind  the  target.  The  purpose  of  the  probe  was  to  deliver  the  beam  to 
the  target’s  center  and  capture  the  reflected  signal.  The  laser  (item  no.  5)  used  during  these 
experiments  was  a  Class  IV  Argon-Ion  laser.  When  impact  occurred,  the  probe  transmitted  a 
shock-induced  velocity  history  of  the  target’s  rear  surface  to  the  VISAR.  The  precision  of  the 
VISAR  measurements  was  1%. 

Four  types  of  plate-on-plate  impact  experimental  configurations  were  prepared  to 
characterize  the  shock-induced  response  of  the  low-cost  Ti-6A1-4V  alloy.  A  description  of  each 
type  can  be  found  in  sections  3. 2-3. 5. 

3.1  Density  and  Ultrasonic  Measurements.  Density,  longitudinal  wave  velocity,  and  shear 
wave  velocity  are  three  properties  that  can  be  used  to  calculate  the  elastic  constants  of  a  material. 
These  properties  are  also  useful  in  the  design  of  plate-on-plate  impact  experiments,  as  they  can 
be  used  to  determine  the  elastic  behavior  of  a  material.  The  elastic  wave  velocities  of  a  material 
are  obtained  from  the  ultrasonically  measured  longitudinal  and  shear  wave  velocities.  The  initial 
density  is  also  used  to  calculate  the  material’s  elastic  impedance. 

Density  measurements  were  performed  on  a  Sartorius  Micro  Balance.  This  system  utilizes 
Archimedes’  Principle,  taking  weight  measurements  of  a  sample  in  both  air  and  water  to 
determine  the  density.  Corrections  were  made  by  the  system  for  temperature,  air  buoyancy,  and 
water  adhesion.  The  accuracy  of  the  system  is  rated  at  0.000070  g. 
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Ultrasonic  sound  speed  measurements  were  performed  using  Matec’s  MBS-8000  ultrasonic 
system  with  their  DSP-8000  software.  Sound  speed  measurements  were  performed  by  this 
system  utilizing  a  Pulse-Echo  Overlap  technique  (Papadakis  1967)  at  a  frequency  of  5  MHz. 
This  system  uses  a  transducer  to  send  a  sound  wave  into  a  specimen.  A  couplant  is  used  between 
the  transducer  and  specimen  to  enhance  transmission  of  the  sound  wave  into  the  material.  Two 
successive  pulse  echoes  from  the  rear  surface  of  the  material  are  captured  by  the  transducer  and 
overlapped  in  time.  This  allows  the  time  between  return  pulses  to  be  accurately  measured. 
Using  the  thickness  of  the  sample,  the  sound  speed  can  be  easily  determined.  A  sample  wave 
train,  as  captured  by  a  5  MHz  transducer,  is  shown  in  Figure  3.  The  first  pulse  (1)  is  the  input 
signal  from  the  transducer.  The  next  two  pulses  (2  and  3)  are  echoes  returning  from  the  rear 
surface  of  the  Ti-6A1-4V  specimen. 


Figure  3.  Ultrasonic  Wave  Train  From  a  Ti-6A1-4V  Specimen. 

Longitudinal  sound  speed  measurements  were  performed  using  a  water  gap  as  the  couplant. 
When  the  transducer  is  mounted  directly  to  the  specimen,  reverberations  caused  by  the  couplant 
impart  a  small  phase  shift  into  the  return  echoes.  This  decreases  the  accuracy  of  the 
measurements.  When  a  water  gap  is  used  as  the  couplant,  the  return  echoes  from  the  specimen 
can  be  spaced  apart  in  time  from  the  reverberations  caused  by  the  water-specimen  interface.  The 
accuracy  of  measurements  performed  in  this  manner  was  0.25%. 

Shear  sound  speed  measurements  used  honey  as  the  couplant.  Although  the  water  gap 
method  is  more  accurate,  it  cannot  be  used  for  shear  measurements  since  water  will  not  support  a 
shear  wave.  The  accuracy  of  the  shear  sound  speed  measurements  was  0.50%. 
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3.2  Transmission  Experiments.  The  purpose  of  this  experiment  type  is  to  monitor  shock 
behavior  directly  from  the  material  of  interest.  A  sample  configuration  of  a  transmission 
experiment  is  shown  in  Figure  4.  In  this  configuration,  the  target  is  the  material  to  be 
characterized.  A  velocity  profile  obtained  via  VISAR  probe  from  the  target’s  rear  surface 
provides  information  on  the  shock  response  of  the  material. 


Direction 
Of  Impact 


¥ 


Figure  4.  Transmission  Experiment  Configuration. 

To  successfully  plan  a  plate-on-plate  impact  experiment,  x-t  and  a  c-u  diagrams  need  to  be 
developed.  These  diagrams  provide  a  visual  representation  of  the  states  materials  undergo 
during  plate-on-plate  impact  experiments.  The  x-t  diagram  shows  the  wave  interactions  in  time, 
allowing  one  to  predict  where  and  when  a  stress  state  or  event  will  occur  in  a  material.  Material 
sound  speeds  are  used  in  conjunction  with  specimen  thickness  to  plot  out  the  wave  interactions. 
The  o-u  diagram  shows  the  predicted  stress  states  reached  by  the  impactors  and  targets,  using 
material  impedance  lines.  Material  impedance  is  a  function  of  both  the  density  and  sound  speed 
of  a  material.  Stress  levels  reached  by  a  material  depend  upon  the  material  impedances  and 
velocity  changes. 
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Figures  5  and  6  are  representative  x-t  and  a-u  diagrams  for  the  transmission  experiments 
performed  in  this  work.  For  ease  of  identification,  the  x-t  and  a-u  diagrams  show  two  different 
materials.  The  behavior  of  the  material  of  interest  is  mapped  out  using  solid  lines,  while  that  of 
the  impactor  is  shown  with  dashed  lines.  However,  symmetric  impact  experiments,  where  the 
impactor  and  target  were  both  Ti-6A1-4V,  were  also  performed.  Furthermore,  the  sample  a-u 
diagram  uses  a  higher  impedance  impactor,  assumes  linear  impedance  behavior,  and  equivalent 
shock  and  release  behavior.  Lastly,  material  thicknesses  used  in  the  transmission  experiments 
were  selected  so  that  the  tensile  behavior  of  the  new  alloy  could  also  be  observed. 


Figure  5.  x-t  Diagram  (Transmission).  Figure  6.  a-u  Diagram  (Transmission). 

A  simplified  description  of  the  events  occurring  in  the  target  and  impactor  follows.  In 
Figures  5  and  6,  prior  to  impact,  the  target  is  at  a  state  of  rest  (zero  stress  and  particle  velocity) 
while  the  impactor,  which  is  also  at  zero  stress,  moves  with  the  projectile  velocity.  These  initial 
states  are  denoted  by  0  (target)  and  0'  (impactor).  Upon  impact,  both  materials  shock  up  to  a 
common  state  (1).  As  shown  in  the  x-t  diagram,  the  deformation  of  the  Ti-6A1-4V  alloy  is 
attained  through  the  propagation  of  two  shock  waves.  An  elastic  wave  followed  by  a  slower 
plastic  wave.  This  is  again  shown  in  the  a-u  diagram  by  the  two  different  impedance  lines  that 
occur  between  states  0  and  1,  with  the  Hugoniot  Elastic  Limit  (HEL)  as  the  transition  point.  The 
impactor  then  releases  to  zero  stress  at  state  2  as  the  shock  wave  reaches  the  free  surface.  The 
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shock  waves  moving  in  the  target  also  release  as  they  reach  a  free  surface.  The  first  release  is 
caused  by  the  elastic  wave  releasing  to  state  3.  This  corresponds  to  the  elastic  region  of  the 
velocity  profile  in  Figure  7.  This  is  followed  by  the  release  of  the  plastic  wave  to  a  zero  stress 
level  at  state  3'.  The  release  wave  in  the  impactor  reaches  the  target  interface,  causing  both 
materials  to  reach  the  common  state  of  4.  Interaction  of  the  release  waves  in  the  target  cause  a 
state  of  tension,  as  shown  by  state  5.  If  the  material  fails  to  support  the  tension,  the  material  will 
separate  (spall),  and  a  new  free  surface  will  be  formed  at  the  location  of  the  tension  in  the  target. 

Once  the  x-t  and  g-u  diagrams  have  been  completed,  a  representative  velocity  profile  can  be 
created.  Since  a  free  surface  cannot  support  a  stress,  all  velocity  changes  observed  by  the  probe 
should  occur  at  the  zero  stress  level  as  shown  in  the  g-u  diagram.  From  Figure  6,  two  velocity 
jumps  caused  by  the  release  of  the  elastic  and  plastic  waves  to  zero  stress  at  states  3  and  3'  were 
expected.  These  are  shown  in  Figure  7  as  the  elastic  and  plastic  regions.  Additionally,  a  sample 
spall  signal  is  shown.  The  formation  of  a  spall  plane  causes  the  large  downward  spike  to  occur  in 
the  velocity  profile,  as  the  release  from  state  5  reaches  the  free  surface.  This  spike  is  known  as 
the  pull-back  velocity.  If  the  material  does  not  spall,  a  sustained  velocity  decrease  will  occur  as 
the  release  wave  reaches  the  free  surface. 


Figure  7.  Velocity  Profile  (Transmission). 
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3.3  Direct  Impact  Experiments.  This  type  of  experiment  is  performed  to  characterize  both 
the  initial  shock  and  release  behavior  of  a  material  (Lysne  et  al.  1969).  The  material  of  interest  is 
used  as  the  impactor  and  it  impacts  (preferably)  a  higher  impedance  linear  elastic  target  material 
(Figure  8).  The  target  is  typically  thin,  which  allows  numerous  release  reverberations  to  be 
recorded  during  a  state  of  uniaxial  strain.  These  reverberations  are  used  to  determine  the 
impactor’ s  behavior. 


Direction 
Of  Impact 


Figure  8.  Direct  Impact  Experiment  Configuration. 

Figures  9  and  10  show  the  wave  interactions  in  the  x-t  and  o-u  diagrams.  The  impactor  is 
thick  so  that  release  waves  from  its  free  surface  do  not  affect  reverberations  in  the  target.  The 
O-u  diagram  shows  the  response  of  the  reverberations  (dashed  lines)  as  they  bounce  off  the 
impactor  (solid  lines)  and  release  at  the  free  surface.  These  interactions  map  out  the  impactor’ s 
initial  shock  response  and  release  behavior. 

The  initial  states  of  the  target  and  impactor  are  denoted  as  0  and  O',  respectively.  Upon 
impact,  a  common  state  is  reached  (1).  Successive  releases  at  the  targets-free  surface  produce 
states  2  and  4,  which  are  observed  changes  in  the  free  surface  velocity  profile.  These  changes 
are  used  to  determine  states  like  3  and  5,  which  are  reached  at  the  impactor/target  interface.  For 
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Figure  9.  x-t  Diagram  (Direct  Impact).  Figure  10.  o-u  Diagram  (Direct  Impact). 


simplicity,  the  shock  and  release  behaviors  of  the  target  are  identical  in  the  o-u  diagram.  Many 
materials,  however,  exhibit  different  shock  and  release  behaviors. 


Figure  1 1  shows  a  generic  velocity  profde.  The  first  two  velocity  jumps  correspond  to  states 
2  and  4.  The  velocity  of  the  target  will  continue  to  increase  towards  the  initial  impactor  velocity, 
with  successive  reverberations. 


Figure  11.  Velocity  Profile  (Direct  Impact). 
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3.4  Re-Shock  Experiments.  The  re-shock  experiment  (Asay  et  al.  1980)  uses  a  two- 
material  target,  as  shown  in  the  sample  configuration  of  Figure  12.  A  second  higher  impedance- 
target  is  mounted  against  the  rear  of  the  primary  target  material.  Interactions  between  the  two 
targets  cause  re-shocks  in  the  material  of  interest.  This  enables  shock  Hugoniot  data  to  be 
gathered  at  higher  stress  levels.  As  in  the  direct  impact  experiments,  the  impactor  thickness  was 
selected  so  that  return  waves  from  the  impactor’ s  free  surface  did  not  affect  the  recorded  velocity 
profile. 


Direction 
Of  Impact 


Figure  12.  Re-Shock  Experiment  Configuration. 


The  x-t  and  o-u  diagrams  (Figures  13  and  14)  illustrate  the  re-shock  of  target  1.  Initial  states 
of  the  targets  and  impactors  are  0  and  O',  respectively.  Impact  creates  state  1  in  the  impactor  and 
target  1 .  Elastic  and  plastic  waves  traverse  target  1  and  interact  with  target  2.  The  elastic  wave 
generates  state  2  and  reflects  back  into  target  1 .  This  shock  meets  the  plastic  wave,  generating 
state  3.  The  plastic  wave  reaches  the  target  1 /target  2  interface  creating  the  re-shock  at  state  4. 
States  5  and  7  occur  when  waves  from  the  target  1/target  2  interface  reach  the  free  surface. 

The  velocity  profile  shown  in  Figure  15  is  similar  to  that  of  the  direct  impact  experiment. 
However,  the  observed  velocity  increases  are  not  successively  smaller.  This  is  due  to 
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reverberations  from  both  the  elastic  and  plastic  waves  in  the  primary  target.  The  first  two 
velocity  jumps  would  correspond  to  states  5  and  7  of  the  x-t  and  c-u  diagrams. 


3.5  Oblique  Impact  Experiments.  The  oblique  impact  is  similar  to  the  transmission 
experiment.  However,  in  this  case,  the  impactor  and  target  are  mounted  at  an  angle  (Figure  16), 
with  a  VISAR  probe  mounted  normal  to  the  target’s  rear  surface.  Upon  impact  both  longitudinal 
and  shear  waves  propagate  through  the  materials,  increasing  the  level  of  shear  deformation  from 
what  is  normally  seen  in  a  transmission  experiment,  as  described  in  section  3.2. 


Direction 
Of  Impact 


Figure  16.  Oblique  Impact  Experiment  Configuration. 


By  performing  an  oblique  impact  experiment  at  the  same  stress  level  as  a  comparable 
transmission  experiment,  the  effects  of  the  shear  wave  on  shock  properties  can  be  monitored.  Of 
particular  interest  is  the  effect  of  the  shear  wave  induced  deformation  on  the  spall  strength. 
Ti-6A1-4V  is  susceptible  to  shear  banding  (Bai  et  al.  1994).  If  shear  band  localization  weakened 
the  material  prior  to  spallation,  its  effect  would  be  observed  from  a  change  in  the  spall  strength. 
Otherwise,  the  velocity  profile  should  look  identical  to  that  of  the  transmission  experiment. 
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The  x-t  and  G-u  diagrams  (Figures  17  and  18)  are  also  similar  to  those  of  the  transmission 
experiment.  The  shear  wave  travels  through  the  material  prior  to  a  state  of  tension  being 
developed.  It  is  shown  reaching  the  elastic  release  at  point  6.  Any  significant  effect  caused  by 
the  shear  wave  should  be  observed  in  the  spall  signal.  It  is  worth  noting  that  these  waves  do  not 
interact.  The  shear  wave  is  placed  in  the  x-t  diagram  only  to  illustrate  the  timing  of  events. 


Figure  17.  x-t  Diagram  (Oblique  Impact).  Figure  18.  G-u  Diagram  (Oblique  Impact). 


4.  Results  and  Analysis 


4.1  Elastic  Constants.  Density  and  ultrasonic  sound  speed  measurements  were  taken  on 
21  samples  of  the  low-cost  Ti-6A1-4V  alloy.  These  measurements  were  then  used  to  calculate 
the  material’s  elastic  constants  using  the  following  equations  (Schreiber  et  al.  1973): 

L  =  p  *  U,2,  (1) 


G  =  p  *  Us2, 


(2) 
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K  =  p*(Ui2-((4/3)*Us2)), 


(3) 


E  =  p  *  [(3  *  U2  *  Us2)  -  (4  *  Us4)]  /  (U,2  -  Us2),  (4) 

A,  =  p  *  (U]2  -  (2  *  Us2)),  (5) 

and 

v  =  [U,2  -  (2  *  Us2)]  /  [2  *  (U,2  -  Us2)],  (6) 

where  p  =  density,  Ui  =  longitudinal  wave  speed,  Us  =  shear  wave  speed,  L  =  longitudinal 

modulus,  G  =  shear  modulus,  K  =  bulk  modulus,  E  =  Young’s  Modulus,  X  =  Lame  Constant,  and 

v  =  Poisson’s  Ratio. 

The  results  of  these  calculations  are  shown  in  Table  1.  Since  the  average  values  for  density 
and  sound  speed  are  practically  identical  for  both  the  aircraft/aerospace  and  low-cost  alloys,  the 
average  values  of  the  elastic  constants  follow  suit.  Also,  specimens  from  shots  no.  821,  823,  and 
837  are  only  used  in  this  report  as  statistical  data  for  density,  sound  speeds,  and  elastic  constants. 

4.2  Transmission  Experiments.  Six  transmission  experiments  were  performed  to  generate 
impact  stresses  from  4  to  13  GPa.  These  experiments  provide  information  on  the  HEL,  its 
dependence  on  specimen  thickness,  plastic  deformation  following  the  elastic  precursor,  and  spall 
threshold.  Pre-impact  information  for  these  experiments  is  given  in  Table  2.  The  values  used  for 
the  elastic  wave  velocity  and  initial  density  are  the  measured  values  of  longitudinal  wave 
velocity  and  density  for  each  individual  Ti-6A1-4V  specimen. 

Figure  19  shows  the  recorded  free  surface  velocity  profiles.  These  profiles  have  been  shifted 
in  time  for  display  purposes.  This  figure  shows  that  the  shock-compressed  state  in  the  titanium 
alloy  is  attained  through  the  propagation  of  an  elastic  wave  with  the  final  shock  state  attained 
through  the  propagation  of  a  slower  shock  wave.  Using  these  profiles,  measured  values  were 
obtained  from  the  free  surface  velocity  for  the  elastic  and  plastic  velocity  response,  arrival  time 
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Table  1.  Elastic  Constants  of  Ti-6A1-4V  Specimens 


Shot  No. 

P  , 

u, 

Us 

L 

G 

K 

E 

X 

V 

(g/cm3) 

(mm/ps) 

(mm/ps) 

(GPa) 

(GPa) 

(GPa) 

(GPa) 

(GPa) 

(-) 

821  (i)a 

4.414 

mm 

164 

45 

105 

117 

75 

0.314 

IgEfEg 

mm 

WfcWM 

163 

42 

107 

111 

79 

0.327 

MWthTM 

■an 

HI 

165 

42 

MSM 

80 

0.326  1 

823  (tl) 

MEM 

166 

45 

| 

■iti 

75 

0.312 

823  (t2) 

4.417 

6.06 

3.11 

162 

43 

— 

113 

77 

■ram 

\wmsM 

mm 

■rap 

169 

46 

liHSI 

121 

77 

mmm 

830  (i) 

4.412 

mm 

167 

45 

MEM 

119 

■ 

832  (i) 

4.414 

6.16 

46 

120 

75 

■ 

832  (tl) 

4.418 

6.15 

mil 

42 

MIM 

113 

82 

■ram 

832  (t2) 

4.414 

6.16 

3.28 

48 

104 

72 

0.302 

836  (t) 

4.418 

6.12 

KIM 

166 

46 

■ESI 

120 

74 

837  (t) 

4.423 

6.15 

42 

Hn 

112 

83 

■mm 

847  (i) 

4.415 

6.12 

3.19 

165 

45 

105 

118 

75 

mwSM 

mg 

MEM 

3.22 

164 

46 

103 

119 

72 

■$£331 

KB9 

MM 

3.13 

168 

43 

111 

115 

82 

l 

850  (i) 

4.419 

6.08 

mm 

43 

107 

113 

78 

850  (t) 

4.419 

msm 

44 

105 

117 

75 

0.314 

907  (t) 

4.418  ! 

6.13 

3.20 

166 

45 

106 

76 

0.313  1 

iKlEiOl 

■EW 

3.05 

msm 

41 

— 

109 

82 

0.333 

912  (t) 

4.406 

Hf 

3.23 

msm 

MEM 

120 

72 

0.304 

922  (t) 

4.414 

6.11 

44 

106 

116 

76 

0.317 

Average 

4.415 

6.12 

3.17 

165 

106 

117 

77 

0.317 

±  0.008 

±0.07 

±0.13 

±4 

±5 

±8 

±7 

+  0.018 

a  (i)  =  impactor  material. 
b  (t#)  =  target  material. 


of  the  elastic  wave  at  the  free  surface,  arrival  time  of  the  elastic  wave  reverberation  at  the  free 
surface,  and  the  pull-back  velocity  for  signals  where  spallation  occurred.  These  values  are  listed 
in  Table  3.  Determination  of  these  values  allows  the  HEL,  impact  surface  particle  velocity, 
impact  stress,  plastic  shock  velocity,  and  density  at  the  HEL  to  be  calculated  using 
equations  7-1 1 . 


These  equations  are  based  on  the  Rankine-Hugoniot  jump  conditions,  which  describe  the 
conservation  of  mass,  momentum,  and  energy: 


Ue  =  Vc/2, 


(7) 
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Table  2.  Transmission  Experiments — Pre-Impact  Information 


Table  3.  Measured  Values  Obtained  From  Transmission  Experiments 


Shot 

No. 

Elastic  Velocity 
Response 
(m/s) 

Free  Surface 
Velocity 
(m/s) 

Elastic  Wave 
Arrival  Time 
(PS) 

Reverberation 
Arrival  Time 
(Us) 

Pull-Back 

Velocity 

(m/s) 

832A 

172 

653 

1.276 

1.417 

306 

832B 

172 

824 

1 .243 

1 .364 

258 

836 

149 

1022 

1 .525 

1.658 

298 

847 

173 

394 

1.421 

1.574 

314 

907 

218 

1013 

1.081 

1.113 

342 

922 

171 

312 

1.138 

1.296 

No  Spall 

HEL  =  uc  *  (U,  *  p0), 


(8) 


Up  =  (T,  -  (((tr  -  to)/2)  *  U,))  /  (((tr  -  g/2)  +  (T,  /  U,)), 


(9) 


Pc  =  p()  /  (  1  -  (uc  /  U,)X 


(10) 


and 


Pi  *  (Co  +  (S  *  (up  -  Vp»)  *  (up  -  Vp)  =  HEL  +  (p,  *  (Up  -  ue)  *  (up  -  u,)),  (11) 

where  Ve  =  elastic  particle  velocity  response,  ue  =  particle  velocity  at  the  HEL,  Ui  =  elastic  shock 
velocity,  po  =  initial  density,  Up  =  plastic  shock  velocity,  Tt  =  target  thickness, 
te  =  elastic  wave  arrival  time,  tr  =  reverberation  arrival  time,  pe  =  density  at  the  HEL, 
Pi  =  impactor  initial  density,  up  =  impact  surface  particle  velocity,  Co  =  impactor  material 
coefficient,  S  =  impactor  material  coefficient,  Vp  =  projectile  velocity,  and  U,  =  impactor  shock 
velocity. 

The  densities  used  for  sapphire  (Barker  and  Hollenbach  1970)  and  tungsten  carbide  (Karnes, 
unpublished  data)  were  3.98  and  14.85  g/cm\  respectively.  The  respective  shock  velocities  are 
11.18  mm/ps  and  6.9  mm/ps.  Since  the  elastic  wave  release  behavior  is  symmetric  to  its  shock 
behavior,  the  particle  velocity  associated  with  the  HEL  is  simply  half  of  the  elastic  velocity 
response  of  the  free  surface.  This  velocity  is  then  used  to  calculate  the  HEL  by  taking  the 
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product  of  the  particle  velocity  and  material  impedance.  Plastic  shock  velocity  is  determined 
using  the  time  difference  of  the  elastic  wave  and  its  reverberations  off  of  the  plastic  wave. 
Density  at  the  HEL  is  calculated  by  using  one  of  the  Rankine-Hugoniot  jump  conditions.  The 
impact  surface  velocity  and  stress  are  also  determined  by  using  the  jump  conditions.  Since  the 
stress  state  of  the  impactor  and  target  are  the  same  at  the  impact  surface,  equation  1 1  can  be  used 
to  solve  for  the  particle  velocity  at  the  impact  surface.  The  velocity  can  then  be  put  back  into 
either  side  of  the  equation  to  solve  for  the  impact  stress.  The  left  side  of  equation  1 1  represents  a 
general  impactor  Hugoniot,  which  is  different  for  every  material.  Co  and  S  are  material 
coefficients  that  describe  linear  shock  behavior.  Since  three  different  impactor  materials  were 
used,  their  individual  Hugoniots  are  supplied  here.  For  the  experiments  using  tungsten  carbide 
impactors,  a  stress  behavior  of  [(-74.356  *  (up  -  Vp)2)  -  (105.44  *  (up  -  Vp))  +  0.003]  (Karnes, 
unpublished  data)  must  be  substituted  to  accurately  predict  the  impact  surface  velocity  and  stress 
levels.  This  Hugoniot  describes  the  elastic-plastic  behavior  of  the  tungsten  carbide.  Sapphire 
will  be  entirely  elastic  for  the  experiments  in  this  report,  and  when  used  as  an  impactor  will  have 
a  Hugoniot  of  [-44.496  *  (up  -  Vp)].  For  symmetric  impacts,  where  the  Ti-6A1-4V  low-cost 
alloy  is  the  impactor,  [p,-  *  (-Uj  -  Vp)  *  (up  -  Vp)]  can  be  substituted  for  the  Hugoniot.  The 
results  of  these  calculations  are  given  in  Table  4. 


Table  4.  Calculated  Values  Obtained  From  Transmission  Experiments 


Shot 

No. 

HEL 

(GPa) 

Target 

Thickness 

(mm) 

Impact  Surface 
Particle  Vel. 
(m/s) 

Impact 

Stress 

(GPa) 

Plastic 
Shock  Vel. 
(km/s) 

Density  at 
the  HEL 
(g/cm3) 

832A 

2.34 

5.993 

327 

8.07 

5.32 

4.481 

832B 

2.34 

5.980 

418 

10.43 

5.44 

4.476 

836 

2.02 

7.999 

524 

13.13 

5.53 

4.472 

847 

2.33 

6.003 

197 

4.91 

5.21 

4.482 

907 

2.95 

1.858 

519 

13.12 

5.51 

4.498 

922 

2.31 

6.013 

161 

4.06 

5.20 

4.477 

One  of  the  first  interesting  features  of  these  results  is  the  variation  in  the  HEL.  The 
amplitude  of  the  elastic  precursor  appears  to  decay  with  propagation  distance.  This  is  evident 
from  the  profiles  obtained  in  experiment  nos.  836  and  907,  which  are  shown  in  Figure  20.  These 
experiments  were  performed  to  generate  peak  stresses  of  13.1  GPa,  and  both  reached  roughly  the 
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Time  ( m s) 

Figure  20.  HEL  Dependence  on  Material  Thickness. 

same  peak  velocity.  Experimental  configuration  was  identical,  except  for  the  thicknesses  of  the 
specimens.  The  targets  used  in  these  experiments  were  8  mm  and  1.8  mm  thick,  respectively. 
The  value  of  the  HEL  varies  between  2.02  and  2.95  GPa,  which  suggests  that  the  value  of  the 
HEL  is  dependent  on  the  thickness  of  the  specimen.  The  uncertainty  of  these  values  is  1.2%. 

Clean  transitions  between  the  elastic  and  plastic  regions  were  evident  for  all  of  the 
experiments,  except  nos.  832A  and  832B.  The  HELs  of  these  experiments  showed  significant 
relaxation.  As  such,  the  HELs  in  these  experiments  were  taken  as  the  relaxed  free  surface 
velocity  before  the  plastic  rise.  A  plot  of  the  HEL  vs.  target  thickness  is  shown  in  Figure  21.  All 
of  the  data  points  follow  a  linear  pattern. 

Velocity  profiles  obtained  from  these  experiments  do  not  show  significant  post  yield 
hardening.  The  rise  of  the  plastic  region  is  fairly  smooth  with  little  ramping.  If  it  is  assumed 
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Figure  21.  Elastic  Precursor  Decay  With  Thickness  in  Ti-6AI-4V. 

that  strain  rate  effects  do  not  influence  the  magnitude  of  the  HEL  when  an  8-mm-thick  specimen 
is  used,  the  dynamic  yield  stress  is  calculated  by  the  following  equation: 

Yd  =  (2  *  Us2)  /  (U,2  *  Ghel),  (12) 

where  Yd  =  dynamic  yield  stress,  cThel  =  magnitude  of  HEL,  Ui  =  longitudinal  wave  speed,  and 
Us  =  shear  wave  speed. 

Yd  of  the  Ti-6A1-4V  alloy  was  calculated  as  1.09  GPa.  This  agrees  well  with  the  value  of 
1.15  GPa,  determined  by  Weerasooriya  (unpublished  data)  under  compression  at  strain  rates  of 
1300-3000  s'1. 
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The  plastic  shock  velocity  following  the  elastic  precursor  varies  between  5.20  and  5.53  km/s, 
with  an  average  uncertainty  that  is  less  than  0.5%.  This  is  the  effective  shock  velocity  relative  to 
the  particle  velocity  of  the  elastically  deformed  alloy,  i.e.,  the  particle  velocity  associated  with 
the  HEL.  Figure  22  shows  the  calculated  plastic  wave  velocities  vs.  their  corresponding  impact 
stresses.  It  is  clear  that  the  plastic  shock  velocity  increases  with  stress. 


Figure  22.  Plastic  Shock  Velocity  vs.  Impact  Stress. 

Usually,  the  arrival  of  the  plastic  shock  in  time  is  taken  to  be  midway  during  the  plastic  rise. 
This  value  is  then  used  with  the  elastic  wave  velocity  to  calculate  the  plastic  shock  speed. 
However,  in  this  report,  a  more  accurate  technique  was  implemented.  Once  the  elastic  wave 
reaches  the  free  surface  of  the  target,  it  reflects  back  as  a  release  wave  and  encounters  the  slower 
plastic  wave.  This  encounter  causes  reverberations  of  the  elastic  wave  to  reflect  between  the 
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oncoming  plastic  wave  and  the  free  surface.  If  the  arrival  time  of  a  reverberation  can  be 
identified,  it  can  be  used  to  determine  the  plastic  shock  velocity.  Reverberations  were  identified 
in  all  of  these  experiments.  An  example  of  such  a  reverberation  is  evident  as  the  large  hump  in 
the  plastic  rise  of  experiment  no.  836  in  Figure  20. 

The  magnitude  of  the  plastic  wave  velocity  is  similar  to  the  value  of  bulk  sound  speed 
(4.91  km/s)  in  the  alloy.  This  implies  that  the  alloy  deforms  plastically  above  the  HEL  (Graham 
and  Brooks  1971).  This  inference  is  reinforced  by  calculating  the  free  surface  velocities  on  the 
assumption  that  the  alloy  deforms  like  an  elastic-perfectly  plastic  material,  and  comparing  them 
to  measured  values.  An  elastic-perfectly  plastic  material  will  release  up  to  twice  the  stress  level 
of  the  HEL  elastically,  with  any  remaining  stress  being  released  plastically.  The  observed  and 
calculated  free  surface  velocities  vary  by  1.5%  on  average  (Table  5).  Release  impedance  was 
calculated  by  dividing  the  impact  stress  by  the  difference  in  velocity  of  the  free  and  impact 
surfaces.  It  was  also  dependent  on  stress,  ranging  from  24.7  to  26.9  Gg/m2s. 


Table  5.  Plastic  Response  of  Ti-6A1-4V 


Shot 

No. 

Calculated  Free 
Surface  Velocity 
(m/s) 

Measured  Free 
Surface  Velocity 
(m/s) 

%  Difference 
(Absolute  Value) 

Release 

Impedance 

(Gg/m2s) 

832A 

641 

653 

1.9 

24.7 

832B 

827 

824 

0.3 

25.7 

836 

1041 

1022 

1.8 

26.4 

847 

381 

394 

3.4 

24.9 

907 

1028 

1013 

1.5 

26.6 

922 

312 

312 

0.1 

26.9 

Figure  23  shows  the  shock  data  obtained  from  the  transmission  experiments  compared  to  the 
hydrodynamic  compression  curve.  The  hydrodynamic  curve  illustrates  the  response  of  isotropic 
material  to  equal  compressive  loading  in  all  directions,  and  was  calculated  using  shock  data 
given  by  Morris  et  al.  (1988)  with  equation  13.  Equation  13  is  valid  for  materials  showing  a 
linear  relationship  between  its  shock  and  particle  velocities.  The  results  of  Morris  et  al.  (1988) 
showed  this  to  be  true  for  Ti-6A1-4V  alloy  and  the  value  of  the  slope  was  determined  to  be  1.06. 
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Figure  23.  Shock  Hugoniot  and  Hydrodynamic  Curve. 


Elastic/plastic  behavior  is  evident  from  the  change  in  the  shock  locus.  The  offset  between  the 
experimental  data  points  and  the  hydrodynamic  curve  was  used  to  calculate  the  material’s  shear 
strength  using  equation  14  (Jones  and  Graham  1971). 

P  =  [po  *  U02  *  { 1  -  (po  /  p,)}]  /  [1  -  (s  *  { I  -  (Po  /  Pi)})]2 ,  (13) 


and 


x  =  0.75  *  (Oi  -  P),  (14) 

where  P  =  hydrodynamic  pressure,  p0  =  initial  density,  U0  =  bulk  sound  speed,  pl=final  density, 
s  =  slope  between  shock  and  particle  velocities,  t  =  shear  stress,  and  Ci  =  impact  surface  stress. 

Shear  strength  ranged  from  0.60  to  0.90  GPa,  increasing  with  stress  (Table  6).  Values  for 
initial  density,  density  at  the  HEL,  and  bulk  sound  speed  are  given  previously  in  this  work. 
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Table  6.  Shear  Strengths 


Shot  No. 

Stress 

(GPa) 

Final  Density 
(g  /  cm3) 

V/V0 

P 

(GPa) 

(GPa) 

832A 

2.34/8.07 

4.481  /4.693 

0.986  /  0.941 

1.54/7.17 

0.60/0.67 

832B 

2.34/10.43 

4.476  /  4.768 

0.986  /  0.926 

1.54/9.31 

0.60  /  0.84 

836 

2.02/13.13 

4.472  /  4.868 

0.988/0.908 

1.31/12.08 

0.53  /  0.79 

847 

2.33/4.91 

4.482  /  4.579 

0.986  /  0.965 

1.54/4.03 

0.59/0.66 

■■I 

2.95/13.12 

4.498/4.859 

0.982  /  0.909 

1.99/11.92 

0.72  /  0.90 

||  922 

2.31/4.06 

4.477  /  4.543 

0.986  /  0.972 

1.54/3.17 

0.58/0.67 

Densities  caused  by  the  plastic  wave  were  calculated  using  the  previously  mentioned  jump 
conditions.  The  volumetric  ratio,  V/V0,  was  determined  using  the  initial  and  final  densities  of 
both  the  elastic  and  plastic  response.  The  left  value  of  each  column  corresponds  to  the  elastic 
response  while  the  right  value  reflects  the  states  attained  by  the  plastic  wave. 

Spall  strength  was  also  monitored  during  these  experiments,  and  was  taken  as  the  product  of 
plastic  impedance  and  half  the  magnitude  of  the  pull-back  velocity.  It  varied  from  3.1  to  4.2  GPa 
(Table  7)  with  an  average  precision  of  5.6%.  The  pulse  widths  of  these  experiments  ranged  from 
1.1  to  1.3  ps  with  the  exception  of  experiment  no.  907,  which  had  a  pulse  width  of  0.274  ps. 
Spall  strength  dependence  on  pulse  width  is  shown  by  a  comparison  of  experiment  nos.  836  and 
907  in  Figure  24.  These  experiments  were  identical,  except  for  the  specimen  thicknesses  used. 
However,  large  differences  exist  in  the  signal  pull-back  velocities,  leading  to  respective  spall 
strengths  of  3.7  and  4.2  GPa  for  experiment  nos.  836  and  907. 

Secondary  spall  resistance,  as  described  by  Johnson  et  al.  (1996),  was  also  observed  in  the 
velocity  profiles  of  the  Ti-6A1-4V  alloy  and  verified  through  recovery  of  the  targets.  It  can  be 
seen  in  experiment  no.  847,  as  shown  in  Figure  25,  as  the  sharp  deceleration  in  the  velocity 
return  after  the  pull-back  signal.  Secondary  spall  resistance  occurs  when  the  spall  fracture 
surface  is  not  a  smooth  plane,  but  a  series  of  cracks  that  span  hundreds  of  micrometers. 
Separation  of  the  material  causes  the  formation  of  new,  interconnecting  cracks,  which  provide 
the  secondary  spall  resistance.  A  micrograph  of  the  recovered  target  from  experiment  no.  847  is 
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Table  7.  Spall  Thresholds 
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Figure  24.  Spall  Strength  Dependence  on  Pulse  Width. 


shown  in  Figure  26.  The  spall  cracks  in  this  specimen  span  over  1  mm  of  the  target  thickness. 
Lastly,  in  experiment  no.  922,  Ti-6A1-4V  did  not  spall.  This  was  an  expected  result,  as  the  level 
of  tension  pulled  by  the  release  wave  interaction  was  only  2.61  GPa. 
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Figure  25.  Secondary  Spall  Resistance. 
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4.3  Direct  Impact  Experiments.  Two  direct  impact  experiments  were  performed  at  impact 
stress  levels  of  10.5  and  13.5  GPa.  These  experiments  provide  additional  information  on  the 
initial  shock  and  the  release  behavior  of  the  new  Ti-6A1-4V  alloy.  The  pre-impact  measurements 
from  these  experiments  are  listed  in  Table  8. 


Table  8.  Direct  Impact  Experiments — Pre-Impact  Information 


Shot  No. 

Experimental 
Configuration 
(Impactor->  Target) 

Flyer 

Thickness 

(mm) 

Target 

Thickness 

(mm) 

Projectile 

Velocity 

(m/s) 

ElasticWave 

Velocity 

(km/s) 

Initial 

Density 

(g/cm3) 

827 

T  W 

0.934 

656 

6.19 

4.408 

830 

X  T  * 

T  S 

HIM 

2.081 

654 

6.16 

4.412 

Note:  T  =  low  cost  Ti-6A1-4V. 


S  =  z-cut  sapphire. 

W  =  tungsten  carbide. 

The  velocity  traces  obtained  from  these  experiments  are  shown  in  Figure  27.  Individual 
velocity  jumps  at  the  free  surface  were  measured  and  used  to  calculate  the  shock  and  release 
states  at  the  impact  surface.  Measured  free  surface  values  are  listed  in  Table  9.  Only  the  first 
few  jumps  from  each  experiment  were  used  in  the  analysis  of  the  release  behavior,  as  later  jumps 
occurred  outside  a  state  of  uniaxial  strain.  Subsequent  jumps  in  velocity  also  became  too  small 
for  accurate  calculations. 

The  first  jump  is  caused  by  the  release  of  the  impact  stress  at  the  free  surface.  Subsequent 
jumps  are  caused  by  reverberations  of  the  release  wave,  which  reflect  back  as  shocks  upon 
reaching  the  higher  impedance  impactor,  and  again  release  at  the  free  surface. 

The  shock  response  of  the  tungsten  carbide  and  sapphire  used  in  these  experiments  are  well 
characterized.  Z-cut  sapphire,  used  in  experiment  no.  830  remains  elastic  for  the  stress  levels 
seen  here.  As  such,  its  shock  and  release  behavior  are  identical.  This  fact  is  used  to  calculate  the 
impact  surface  velocities  and  stress  levels  with  the  following  equations. 
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Up  =  [(vf  —  Vi)  /  2  ]  +  Vi,  (15) 

and 

<5P  =  44.496  *  [(vf -  vO  /  2  ],  (16) 
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where  up  =  impact  surface  velocity,  vi  =  pre-jump  velocity,  cp  =  impact  surface  stress,  and 
Vf=  post-jump  velocity. 

Tungsten  carbide  has  been  reported  (Karnes,  unpublished  data)  as  having  different  shock  and 
release  behaviors  for  the  stress  levels  seen  here.  However,  assuming  identical  behavior  for  the 
shock  and  release  produced  results  that  matched  those  of  the  transmission  experiments.  As  such, 
the  impact  surface  velocities  of  experiment  no.  827  were  also  calculated  using  equation  15. 
Stress  levels  of  the  tungsten  carbide  were  determined  using  equation  17: 

Gp  =  [  -74.356  *  ((v,  -  Vi)  /  2)2]  +  [105.440  *  ((vf  -  vO  /  2)]  +  0.003.  (17) 

The  results  of  both  direct  impact  experiments  are  shown  in  Table  10.  The  initial  impact 
surface  velocities  and  stresses  matched  the  data  from  similar  transmission  experiments,  varying 
by  only  0.5%. 

Hugoniot  data  is  typically  used  to  describe  the  behavior  of  a  material  that  is  shocked  from  a 
rest  state.  The  Ti-6A1-4V  samples  used  during  these  experiments  were  impactors.  As  such, 
“Equivalent  Target”  velocities  were  calculated.  These  are  the  equivalent  velocities  that  would 
have  been  reached  by  a  Ti-6A1-4V  target  material  at  the  same  stress  levels,  and  were  calculated 
by  taking  the  difference  of  the  projectile  velocity  and  the  impact  surface  velocities.  Release 
impedances  were  calculated  between  successive  points  on  the  release  path  as  the  difference  in 
impact  stress  divided  by  the  difference  in  stationary  velocity.  The  values  shown  here  are  similar 
to  the  release  impedances  calculated  from  the  transmission  experiments.  Shock  and  release 
Hugoniot  points  are  shown  in  Figure  28,  for  both  the  transmission  and  direct  impact  experiments. 
The  separation  of  the  data  becomes  greater  at  the  lower  stress  levels.  This  is  expected,  as  the 
transmission  experiments  are  shocked  elastically  initially,  while  the  direct  impact  experiments 
are  releasing  near  plastically  at  the  lower  stress  levels. 

4.4  Re-Shock  Experiments.  Two  re-shock  experiments  were  performed,  generating  re¬ 
shock  stresses  of  10.4  and  20.4  GPa  off  of  the  initial  shock.  These  experiments  provide  insight 
into  the  behavior  of  the  Ti-6A1-4V  alloy  at  increased  stress  levels,  after  the  material  has  been 
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Table  10.  Release  Behavior  of  Direct  Impact  Experiments 


Shot  No. 

Impact  Surface 
Velocity 
(m/s) 

“Equivalent  Target” 
Velocity 
(m/s) 

Impact  Surface 
Stress 
(GPa) 

Release 

Impedance 

(Gg/m2s) 

827 

137 

519 

13.05 

— 

827 

346 

311 

7.16 

28.3 

827 

460 

196 

HHEE&HN 

24.1 

827 

530 

126 

22.9 

236 

419 

10.48 

— 

830 

529 

125 

2.58 

26.9 

830 

604 

50 

0.76 

24.3 

previously  shocked.  Pre-impact  information  is  shown  for  both  experiments  in  Table  11. 
Velocity  profiles  obtained  for  these  experiments  are  shown  in  Figure  29. 


The  first  two  velocity  jumps  correspond  to  the  free  surface  release  of  the  interactions 
between  the  Ti-6A1-4V  target’s  elastic  and  plastic  waves  and  target  2.  Assuming  that  both  the 
tungsten  carbide  and  sapphire  have  the  same  shock  and  release  behavior  for  the  stress  levels  seen 
here,  the  velocity  of  the  re-shock  interface  is  simply  one  half  the  velocity  of  the  jumps.  The 
particle  velocity  reached  by  the  interaction  of  the  elastic  wave  at  the  re-shock  interface  (state  2  of 
Figure  14)  is  one  half  the  first  jump  level.  The  particle  velocity  reached  by  the  interaction  of  the 
plastic  wave  at  the  re-shock  interface  (state  4)  is  one  half  the  second  jump  level.  Equations  16 
and  17  can  again  be  used  to  determine  the  stress  levels  for  the  sapphire  and  tungsten  carbide 
respectively.  The  pre-jump  velocities  for  both  the  elastic  and  plastic  wave  calculations  would  be 
zero.  The  results  of  these  calculations  are  listed  in  Table  12,  along  with  the  jump  measurements. 

Once  the  re-shock  states  at  the  target  1 /target  2  interface  have  been  determined,  the  HEL  and 
re-shock  impedance  may  be  calculated.  The  initial  shock  behaviors  of  the  impactor  and  target  1 
have  been  previously  determined  in  the  transmission  experiments.  Experiment  no.  832A  had 
essentially  the  same  impact  configuration  and  projectile  velocity  as  experiment  no.  912. 
Similarly,  experiment  no.  907  closely  matched  experiment  no.  848.  As  such,  the  particle 
velocity  and  stress  levels  of  the  impact  surface,  and  the  shock  speeds  of  the  Ti-6A1-4V  are  easily 
determined. 
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Particle  Velocity  (km/s) 

Figure  28.  Transmission  and  Direct  Impact  Data. 


Table  II.  Re-Shock  Experiments — Pre-Impact  Information 


Shot  No. 

Experimental 
Configuration 
(Impactor  -^Target) 

Flyer 

Thickness 

(mm) 

Target 

Thickness 

(mm) 

Projectile 

Velocity 

(m/s) 

Elastic 

Wave 

Velocity 

(km/s) 

Initial 

Density 

(g/cm3) 

848 

T  + W 

5.982 

2.054/0.918 

644 

6.17 

4.415 

912 

T  ->  T  +  S 

7.956 

6.269/  1.022 

656 

6.10 

4.406 

Note:  T  =  low  cost  Ti-6A1-4V. 


S  =  z-cut  sapphire. 

W  =  tungsten  carbide. 
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ies  of  Re-Shock  Experiments. 


Re-Shock  States 


Stress 

2nd  Jump 

Particle 

Velocity 

itate  2) 

Velocity 

(state  4) 

:GPa) 

(m/s) 

(m/s) 

4.65 

464 

232 

2.89 

472 

236 

The  HEL  occurs  at  the  intersection  of  the  elastic  and  plastic  impedance  locus.  Since  the 
slope  of  these  lines  is  already  known  (based  on  the  respective  impedances  from  experiments  no. 
832A  and  907),  only  one  point  on  each  line  is  required  to  determine  their  intersection.  The 
initial  state  (zero  velocity  and  zero  stress)  lies  on  the  elastic  impedance  line,  while  the  particle 
velocity  and  stress  reached  by  the  elastic  wave’s  re-shock  lie  on  the  plastic  line.  This 
information  was  used  to  calculate  the  HELs  for  both  re-shock  experiments.  Predicted  values  for 
the  HEL  were  taken  from  Figure  21,  using  the  thickness  of  target  1.  As  shown  in  Table  13,  the 
difference  in  these  values  is  small.  This  supports  the  results  of  the  transmission  experiments, 
which  show  that  the  HEL  varies  with  specimen  thickness. 


Table  13.  Re-Shock  Experiments  HELs  and  Impedances 


Shot  No. 

Calculated 

HEL 

(GPa) 

Predicted  HEL 
(GPa) 

%  Difference 

“Equivalent 
Target”  Velocities 
(m/s) 

Re-Shock 

Impedances 

(Gg/m2s) 

848 

3.02 

2.92 

3.2 

786 

27.4 

912 

2.35 

2.28 

3.1 

420 

26.3  [ 

Re-shock  impedance  was  calculated  using  the  impact  stress  and  velocity  from  experiment 
nos.  832A  and  907.  These  are  the  initial  shock  conditions.  However,  as  in  the  direct  impact 
experiments,  Hugoniot  data  is  reported  for  the  target  material.  As  such,  “Equivalent  Target” 
velocities  were  calculated  for  the  plastic  re-shock  response  of  both  experiments.  In  the  re-shock 
experiment,  as  shown  in  Figure  13,  the  re-shock  occurs  in  the  opposite  direction  of  the  initial 
shock.  The  “Equivalent  Target”  velocity  is,  therefore,  the  difference  between  the  impact  surface 
and  re-shock  surface  velocities  added  to  the  impact  surface  velocity.  Once  the  “Equivalent 
Target”  velocities  have  been  determined,  the  re-shock  impedance  is  simply  the  difference  in 
stress  between  the  same  two  points  divided  by  the  difference  in  velocity.  These  results  are 
shown  in  Table  13.  The  re-shock  impedances  are  significantly  higher  than  the  plastic 
impedances  seen  in  experiment  nos.  832A  and  907.  This  suggests  that  the  initial  shocks  may 
have  caused  some  work  hardening  in  the  material.  Further  investigation  is  required  to  confirm 
this.  Figure  30  shows  a  plot  of  stress  vs.  particle  velocity,  and  includes  data  points  from  the 
transmission  and  re-shock  experiments. 
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Particle  Velocity  (km/s) 


Figure  30.  Transmission  and  Re-Shock  Data. 


4.5  Oblique  Impact  Experiments.  As  mentioned  earlier,  Ti-6A1-4V  is  susceptible  to  shear 
banding  (Bai  et  al.  1994).  In  an  effort  to  gauge  the  susceptibility  of  the  new  alloy  to  shear 
banding  and  its  effect  on  spall  strength,  an  oblique  impact  experiment  was  performed.  The 
obliquity  of  impact  in  experiment  no.  850  was  19°53'.  An  impact  velocity  of  423  m/s  was  used. 
This  velocity  would  create  the  same  impact  velocity  and  stress  levels  as  in  the  normal  impact  of 
experiment  no.  847.  The  pre-impact  information  for  both  experiments  is  listed  in  Table  14.  The 
specimen  thicknesses  used  allowed  the  shear  wave  to  pass  through  the  area  where  the  spall  plane 
would  form  prior  to  a  state  of  tension  being  developed. 

Figure  31  shows  the  velocity  profiles  for  both  experiments.  It  is  evident  from  this  plot  that 
both  targets  exhibit  the  same  behavior.  The  HEL,  peak  velocity,  plastic  shock  speed,  and  pull¬ 
back  velocity  are  virtually  identical.  Both  samples  also  exhibit  secondary  spall  resistance. 
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Tabic  14.  Experiment  Nos.  847  and  850  Pre-Impact  Information 


Shot  No. 

Experimental 
Configuration 
(Impactor  Target) 

Flyer 

Thickness 

(mm) 

Target 

Thickness 

(mm) 

Projectile 

Velocity 

(m/s) 

Elastic  Wave 
Velocity 
(Target) 
(km/s) 

Initial 

Density 

(Target) 

(g/ern3) 

847 

T-»  T 

4.028 

6.003 

398 

6.09 

4.418 

850 

T  T  (at  19°53') 

4.031 

423 

6.09 

4.419 

Figure  31.  Free  Surface  Velocity  Histories  of  Experiment  Nos.  847  and  850. 

The  effect  of  the  shear  wave  on  spall  strength  was  nonexistent.  Furthermore,  examination  of 
the  recovered  target  revealed  the  same  type  of  cracking  associated  with  secondary  spall 
resistance  (Figure  32)  as  that  found  in  experiment  no.  847.  Shear  bands  were  also  not  present. 
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Figure  32.  Secondary  Spall  Resistance  Cracking  in  Experiment  No.  850. 

Measured  and  calculated  values  for  both  experiments  are  shown  in  Tables  15,  16,  and  17. 
The  differences  are  insignificant  in  the  recovered  material.  As  such,  for  an  impact  stress  level  of 
4.9  GPa  and  an  impact  angle  of  20°,  increased  shear  deformation  does  not  appear  to  affect  the 
spall  strength  of  the  Ti-6A1-4V  alloy  or  cause  the  formation  of  shear  bands. 

4.6  Comparison.  As  many  investigators  have  studied  Ti-6A1-4V,  substantial  information  is 
available  to  compare  to  the  shock  response  of  the  low-cost  alloy.  The  authors  of  this  report 
assume  that  all  materials  studied  in  the  previous  works  were  of  aircraft/aerospace  quality.  The 
compiled  properties  of  the  aircraft/aerospace  alloy  are  shown  in  Table  18. 

The  elastic  behaviors  of  the  two  alloys  are  similar.  The  aircraft/aerospace  alloy  has  an  HEL 
ranging  from  2.0-2.8  GPa,  while  the  HEL  of  the  low-cost  alloy  ranges  from  2.0-3. 0  GPa. 
However,  no  mention  of  elastic  precursor  decay  with  material  thickness  was  found  in  any  of  the 
previous  works.  Shock  compression  beyond  the  HEL  in  both  materials  was  attained  through 
plastic  deformation. 

Differences  were  reported  in  the  shear  strengths  of  the  two  materials.  Hopkins  and  Brar 
(2000)  reported  that  shear  strength  increased  with  increasing  stress,  ranging  from  0.9  GPa  at  the 
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Table  15.  Measured  Values  Obtained  From  Experiment  Nos.  847  and  850 


Shot  No. 

Elastic  Velocity 
Response 
(m/s) 

Free  Surface 
Velocity 
(m/s) 

Elastic  Wave 
Arrival  Time 
(its) 

Reverberation 
Arrival  Time 
(ps) 

Pull-Back 

Velocity 

(m/s) 

HtH 

173 

394 

1.421 

1.574 

314 

iHSH 

175 

390 

1.700 

1.853 

316 

Table  16.  Calculated  Values  Obtained  From  Experiment  Nos.  847  and  850 


Shot  No. 

HEL 

(GPa) 

Impact  Surface 
Particle  Velocity 
(m/s) 

Impact  Stress 
(GPa) 

Plastic  Shock 
Velocity 
(km/s) 

Density  at 
the  HEL 
(g/cm3) 

847 

2.33 

r  197  " 

4.91 

5.21 

4.482 

850 

2.36 

195 

4.87 

5.22 

4.483 

Table  17.  Spall  Thresholds 


Shot  No. 

Impact  Stress 
(GPa) 

Pulse  Width 
(Its) 

Pull-Back  Velocity 
(m/s) 

Spall  Strength 
(GPa) 

847 

4.91 

1.325 

314 

3.67 

850 

4.87 

1.325 

316 

3.69 

HEL  to  1.6  GPa  at  a  stress  level  of  12.5  GPa.  These  values  were  obtained  through  simultaneous 
measurements  of  longitudinal  and  lateral  stresses.  The  low-cost  alloy’s  shear  strength  also 
increased  with  stress,  ranging  from  0.5  GPa  at  the  HEL  to  0.9  GPa  at  a  stress  level  of  13. 1  GPa. 

Spall  strength  values  also  varied  between  the  two  materials.  Good  agreement  exists  between  the 
spall  strengths  reported  by  Kanel  and  Petrova  (1981)  and  Andriot  et  al.  (1994),  and  those  of  the 
low-cost  alloy.  The  range  of  values  reported  by  Me-Bar  et  al.  (1987),  Froeschner  et  al.  (1989), 
and  Chhabildas  et  al.  (1990)  are  higher  than  those  of  the  low-cost  alloy.  Me-Bar  et  al.  (1987) 
reported  that  the  initial  microstructure  of  the  alloy  did  not  influence  spall  strength. 
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Table  18.  Compiled  Properties  of  Ti-6A1-4V 


Authors 

Pulse 

Width 

(its) 

Impact 

Stress 

(GPa) 

HEL 

(GPa) 

Spall 

Strength 

(GPa) 

Shear 

Strength 

(GPa) 

Morris  et  al.  (1988) 

— 

— 

2.8 

— 

— 

Kanel  and  Petrova  (1981) 

— 

— 

3.4 

— 

Me-Bar  et  al.  (1987) 

1.2 

10.5 

— 

4. 1-5.0 

— 

Froeschner  et  al.  (1989) 

0.15 

— 

— 

4. 7-4. 9 

— 

Chhabildas  et  al.  (1990) 

1.0 

13.6 

2.3 

5.1 

— 

Andriot  et  al.  (1994) 

1.0 

52-64 

2.8 

3. 6-4. 2 

— 

Hopkins  and  Brar  (2000) 

— 

12.5 

2.7 

— 

0.9-1. 6 

Variations  in  pulse  width  (Table  18)  also  do  not  explain  the  differences  in  the  values  of  spall 
threshold.  However,  the  results  of  the  present  work  indicate  that  spall  strength  is  pulse 
dependent. 

5.  Conclusions 

A  low-cost  Ti-6A1-4V  alloy  of  similar  composition  and  micro  structure  to  the  presently  used 
aircraft/aerospace  alloy  has  been  characterized  up  to  stress  levels  of  20  GPa.  Transmission 
experiments  showed  that  the  alloy,  as  with  the  more  expensive  material,  exhibited  elastic-plastic 
behavior.  The  elastic  precursor,  or  HEL,  varied  from  2.0-3. 0  GPa  and  was  dependent  on 
specimen  thickness.  Plastic  shock  velocity  ranged  from  5.2-5. 5  km/s  and  was  dependent  on 
stress  level.  Release  of  the  free  surface  also  indicated  elastic-plastic  behavior.  Shear  strength 
increased  with  stress  level  and  varied  from  0.5-0. 9  GPa.  Spall  strength  varied  with  pulse  width 
and  ranged  from  3. 1-4.2  GPa.  Secondary  spall  resistance  was  also  observed  in  the  velocity 
profiles  and  verified  through  examination  of  recovered  samples. 

Direct  impact  experiments  mapped  out  the  initial  shock  and  subsequent  release  behavior  of 
the  material.  Release  impedances  obtained  were  similar  to  those  of  the  transmission 
experiments.  They  also  confirm  the  elastic-plastic  behavior  of  the  material. 
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Re-shock  experiments  were  used  to  characterize  the  material  behavior  at  higher,  post-shock 
stress  conditions.  Values  of  the  HEL  and  plastic  shock  impedance  were  higher  than  those  of  the 
transmission  experiments.  This  suggests  that  the  initial  shock  caused  the  material  to  work 
harden.  The  experiments  also  confirm  the  HELs  dependence  on  specimen  thickness  and  elastic- 
plastic  behavior. 

An  oblique  impact  experiment  was  performed  to  monitor  the  effects  of  increased  shear 
deformation  on  spall  strength.  The  results  of  the  oblique  impact  closely  matched  those  of  a 
transmission  experiment  at  similar  stress  levels.  No  significant  differences  were  observed 
between  the  two  experiments.  Recovered  samples  from  both  experiments  showed  the  same 
microstructure  and  cracking  behavior.  Shear  banding  was  not  observed  in  either  sample. 

A  comparison  of  the  aircraft/aerospace  and  low-cost  alloys  revealed  similar  shock  behavior. 
The  HEL  of  both  materials  was  similar,  and  both  materials  exhibited  elastic-plastic  behavior. 
Shear  strengths  of  both  alloys  increased  with  increasing  stress  levels.  However,  the  ranges  of 
shear  strength  of  the  two  alloys  varied  considerably.  Spall  strength  ranges  of  the  two  materials 
also  showed  considerable  variations. 
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